Paramecia have been used as experimental animals in many fields of biology, including bacteriology and immunology. The use of protozoa to reveal protoplasmic response has many advantages, not the least of which is the ease with which they may be cultivated in large numbers and subjected to study. They react admirably to physical and chemical changes in their environment. They can be observed microscopically over varying periods of time, and long before death occurs changes within their substance can be noted. Furthermore, the fact that one may so adjust their environment that it plays little, if any, role in their activity makes it possible for the investigator to assume that any extraneous, added substance placed in that environment is the cause of the effect observed. And yet simple as these animalcules seem to be physiologically, Metalnikov (1926) has demonstrated that they may be "educated" to such an extent that they show an elective behavior toward insoluble substances, such as carmine particles, sulphur, and India ink.
Despite the fact that bacteria, particularly the members of the subtilis group (Hargitt and Fray, 1917) , are their main source of food, paramecia can be rendered bacteriologically sterile in a short time. Once this is accomplished, they can be used in the study of many problems encountered in phenomena of infectious disease. For example, the effect of serological systems, that is, the union of antigen with antibody within protoplasm may be observed (Rakieten, 1928) . And, obviously, it is simple to determine the effect of bacterial metabolic products with which they are not ordinarily in contact (Philpott, 1930) . Such studies might reveal not only hitherto unknown differences in bacterial derivatives, but also the nature of these agents which attack protoplasm simply because it is protoplasm, differentiating them from those other substances which exhibit an elective affinity for certain types of protoplasm. The fact that large numbers of a single species of paramecium were available as experimental animals, coupled with the idea that they might respond more delicately to the changes which accompany bacteriophage phenomena led to their use in this investigation.
The influence upon protoplasm of bacterial lysis through bacteriophagy, whether the disintegration of the bacterial cell takes place within the protoplasm or merely in the medium surrounding the cell, has never been determined by direct experimentation. That there may be a liberation of toxic derivatives, or at least a toxic stage in the process of dissolution, is conceivable, and should this be the case, it is obvious that it might either lead to protoplasmic death or provide the stimulus requisite to the development of an organic immunity.
The phenomenon of bacteriophagy is now so well known and the general characteristics of bacteriophage are so familiar that it is not necessary to detail them here. The only points which deserve mention are that bacteriophage shares many attributes with viruses, and that it effects the lytic phenomenon through the activity of a principle corpuscular in nature.
By means of experiments involving combinations of protozoan cell, bacterial cell, and bacteriophage it should be possible to ascertain if bacteria which have been incorporated in the paramecium are susceptible to the attack of the bacteriophage and, if so, whether such intracellular destruction reacts to the disadvantage of the protoplasm. It should be easy to determine whether lysis in the medium supporting the protozoa reacts upon the life processes of the cell. It should be possible to discover whether bacteriophage as such penetrates the paramecium and persists as an active force within the cell, thus affording it an hypothetical "protection" against the invading bacterium. And, finally, a simple experiment should decide whether bacteriophage, if in itself innocuous to the paramecium, is so constituted of organic materials that, like bacteria, it can support the life of the cell.
The race of bacteriophage (M23) used in this study was very active against the strain of Staphylococcus aureus (culture S45) employed. A culture of this organism containing approximately 400 million bacteria per cubic centimeter was completely lysed in 18 hours by the addition of one drop (0.05 cc.) of this bacteriophage diluted to 10-8. Furthermore, lysis was as complete at a temperature of 20°C. as at 37°C. Since the optimum temperature for paramecia is approximately 200C., this strain of bacteriophage and the staphylococcus culture were admirably suited for the purpose of the experiment. Enough bacteriophage for the entire experiment was prepared at one time.
A pure culture of Paramecium aurelia, obtained from the laboratory of Professor L. L. Woodruff, was used, being maintained in "paramecium broth" (0.5 gm. of meat extract in 2 liters of water). In order to make certain that the results obtained were not due to the action of extraneous substances the paramecia were freed as thoroughly as possible of all intracellular foreign materials by the simple and reliable method of Hargitt and Fray. After washing the animals the medium containing them is found to be free of bacteria. Under these aseptic conditions sterile paramecia will not live more than 48 hours. (While Woodruff and Baitsell (1911) believe that their medium is adequate, it is probable that the continued growth of paramecia in this medium is due to the ubiquitous bacteria which gain access to it and thus provide a food supply.)
Various criteria for determining the effect of any given agent upon protozoa have been employed, but most investigators have expressed their results in terms indicating changes in the nature and degree of motility exhibited by the affected animals. Childs (1926) described not only loss of motility but also the swelling of the injured animals. Often the protoplasm of the swollen paramecia would extrude from the surface-forming vesicles. This phenomenon was also noticed by the author ( 1 928) when animals were placed in hypertonic broth solutions. Philpott (1933) also observed that very shortly after animals which were in contact with snake venom had stopped moving, trichocysts were discharged all over the surface of the cells. All of these phenomena imply damage or death of the cell. The criterion for cell death used in this investigation was a complete cessation of movement, and unless the paramecium remained stationary on the slide it was not concluded that the animal was dead. After motion has stopped it is only a matter of minutes before the animals either shrink very perceptibly or swell, the nature of the change depending upon the environment. Once the movement of such animals has stopped, motility is never regained. Thus, while in the following experiments the word "dead" signifies that the paramecia have lost all motility and remain quiescent on the slide, it does not necessarily imply that such animals are dead from a physiological point of view. Observations of animals so affected reveal that many of the vacuoles are still functioning and there may be a very slight motility of the cilia in the gullet. Doubtless other vital processes may still be going on.
In the initial series of experiments sterile paramecia were placed in contact with bacteriophage and susceptible bacteria. The contacts were so arranged that in one group of experiments the animals were exposed first to the action of bacteriophage, later to be placed in a medium containing susceptible bacteria; in a second group the primary contact was with bacteria followed by exposure to bacteriophage. Paramecium broth was used in preparing the suspension of an 1 8-hour growth of staphylococcus from fresh agar slants. The suspension was prepared immediately before the addition of the paramecia. From three to five cubic centimeters of this broth were placed in a test-tube and gently shaken until there were approximately 100,000,000 organisms per cubic centimeter (turbidity No. 3 nephelometer scale). Paramecium broth was also employed as a diluent for the bacteriophage. Experimental A. A number of sterile paramecia were obtained according to the method above described, two of which were placed in a sterile depression slide (enclosed in a Petri dish) containing three drops (0.15 cc.) of paramecium broth and one drop (0.05 cc.) of bacteriophage. They were allowed to remain in this medium for approximately 18 hours. The next morning a loopful of the medium was removed and inoculated into a broth culture of susceptible bacteria to determine whether or not the bacteriophage had retained its potency. These controls always gave evidence of undiminished lytic activity. The paramecia were then removed aseptically to fresh paramecium broth, allowed to remain in this environment for an hour, and again transferred to fresh paramecium medium. In this manner it was thought that extracellular bacteriophage would, in large part at least, be washed off the surface of the cells. After the paramecia had been in the second washing fluid for a short time they were placed in a medium containing a heavy suspension of staphylococcus S45 (not over 100,000,00 per cc.). Each of the two washing fluids were also examined for bacteriophage.
At the same time that bacteriophage-treated animals were placed in the staphylococcus suspension, sterile paramecia, not having had previous contact with bacteriophage, were placed in a similar bacterial suspension. At intervals of 4, 8, 12, and 24 hours, portions of the staphylococcus suspension were removed and streaked on agar plates for demonstrating plaque formation. These plates were incubated at 20°C. for 18 hours.
Ten such experiments constituted this series. Inasmuch as the results of the entire series were, in the main, alike, a summary of the results of a single experiment is sufficient. Apparently sterile paramecia do not, in the absence of bacteria, hold bacteriophage corpusdes for any length of time. This finding is in keeping with the theory of d'Herelle ( 1919) that bacteriophage maintains itself actively only when there are susceptible bacteria in its environment. It might be assumed, however, that bacteriophage might be acted upon by the digestive ferments elaborated by the protozoa and thus destroyed. However, it was demonstrated many times during the course of this study that sterile paramecia do not thrive better in a medium containing bacteriophage than they do in plain sterile paramecium broth. It does not appear from our results that the bacteriophage is acted upon in any way by the paramecium, except as an innocuous substance, which once taken in is quickly expelled.
If this latter statement is not correct it must be concluded that the bacteriophage corpuscles which are within the body of the paramecium, since portions of the surrounding medium are continually being taken in, are destroyed by the chemical reactions of the protoplasm. In a recent publication it was shown (Rakieten, 1928 ) that agglutinins which were taken up by sterile paramecia were markedly changed.
At all events, it does not appear that bacteriophage can persist in active form within protoplasm other than that of the bacterial cell. Either the corpuscle is destroyed, or its lytic properties become suppressed, or it is expelled almost immediately after ingestion. In no case did paramecia which had been in contact with bacteriophage, and subsequently washed, yield plaques when placed in contact with susceptible bacteria.
Although the preceding group of experiments gave no evidence of damage to the paramecia associated with the presence of bacteriophage, it was not designed specifically to determine this point. The following experiments bear more directly on this question. B. Sterile paramecia were placed in 2 cc. of paramecium broth inoculated with 100,000,000 staphylococci per cubic centimeter. They were allowed to feed in this medium overnight. The next morning they were removed aseptically and placed in a medium consisting of three drops (0.15 cc.) of paramecium broth and one drop (0.05 cc.) of bacteriophage. A portion of the bacterial medium in which the animals were placed was cultured for evidence of growth. Such controls were always positive.
Six hours after the infected animals had been placed in the bacteriophage suspension a portion of the medium was cultured. This was found to be free of bacteria. The paramecia and the surrounding medium had been rendered sterile. This experiment was repeated many times and in each instance the same results were obtained, unless there had been some contamination. Paramecia placed in exactly the same environment, with the exception that no bacteriophage was added, showed under the microscope large numbers of staphylococci within their protoplasm. The medium in wJich they were living also gave positive cultural evidence of bacteria.
Conclusions When paramecia are induced to ingest a race of bacteria which is highly susceptible to the action of bacteriophage and are then placed in a medium in which bacteriophage is present, the surrounding medium, as well as the "infected" protozoa themselves, can rapidly be freed of all bacteria. The disintegration of the bacteria by the bacteriophage has little, if any, demonstrable effect upon the living protozoan cell. Even though the paramecia so treated die within a period of 48 hours, this result is not attributed to a direct action of the bacteriophage upon the bacterial cell with the elaboration of toxic substances in the protoplasm, but rather to the fact that the surrounding medium is not able to support the still viable protozoan cells. In other words they simply die of starvation.
If the results of these experiments be considered in the light of the relationship of protoplasm as such to bacteriophagy and to the products of bacteriophagy, it seems clear that no markedly toxic reactions or products are involved in bacterial dissolution.
Whether bacteriophage enters the interior of the cell under normal conditions may perhaps be a debatable point, but if it does enter, it does not persist for any considerable time, at least, in active form.
When paramecia have ingested bacteria and are then placed in an environment containing bacteriophage the bacteria are not protected against the lytic agent. Bacterial dissolution, with resulting sterility, takes place in the organism just as it occurs with the bacteria suspended in the surrounding medium.
That these observations have but a limited application to the reaction of the protoplasm of higher forms to bacteriophage is obvious. There is no evidence that bacteriophage penetrates the cell-it seems rather to be taken up by the cell-but regardless of the mode of entrance, evident cell damage through the interaction of bacteria and bacteriophage is entirely lacking.
